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METHOD FOR FOffMINH TN.S TTIATING FILM ON SUBSTRATE, ME THOE^JgR 
MANUFAC TURING SEMICOND UCTOR DEV ICE AND SUBSTRATE- PR gCESS^G 

APPARATUS , 

5 Field of the Invention 

The present invention relates to a method for 
manufacturing a semiconductor device; and, more particularly, 
to a substrate processing technique of a super miniaturized 
10 high speed semiconductor device wherein a high-k dielectric 
film is employed as a gate insulating film. 

Background of the Invention 

15 With the advancement in the miniaturization process 

technology, it has become feasible to use a gate length of 
0 . 1 /zm or less in an ultra high speed semiconductor device. 
Generally, the operating speed of a semiconductor device is 
improved with the miniaturization thereof. However, in such 

2 0 a highly miniaturized semiconductor device, the thickness of 
a gate insulating film needs to be reduced in proportion to 
the reduction in the gate length in accordance with the 
scaling rule. 

In case the gate length is reduced to 0.1 fM ot less, 
25 the thickness of the gate insulating film needs to be 1 - 2 
nm or less on a conventional thermal oxide film basis. 
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However, such an extremely thin gate insulating film cannot 
avoid the problem of increased gate leakage current 
resulting from an increase in the tunneling current. 

Accordingly, it has been proposed to employ a high-k 
5 dielectric material having a substantially higher dielectric 
constant than the thermal oxide film for use as a gate 
insulating film. Specifically, Ta205, AI2O3, Zr02/ Hf02, 
ZrSi04, HfSi04 and the like have been tried for such purpose, 
as they are small in terms of the thickness electrically 
10 equivalent to Si02 despite their large actual thickness. 
With the use of such a high-k dielectric material, a gate 
insulating film with a physical film thickness of about 10 
nm can be employed even when the gate length for use in an 
ultra high speed semiconductor device is very short, e.g., 
15 0.1 fm or less, thereby preventing the gate leakage current 
resulting from the tunneling effect. 

A Ta205 film is known to be formed ^ through a CVD 
process from gaseous source materials of Ta(OC2H5)s and O2 . 
Typically, the CVD process is conducted in a depressurized 
20 environment and at about 480 °C or higher temperature. The 
Ta205 film formed in such manner is then subject to a heat 
treatment in the presence of oxygen for crystallization and 
this compensates for the oxygen deficiency in the film. The 
Ta205 film in its crystallized state possesses a large 
25 dielectric constant. 

To enhance a carrier mobility in a channel region, it 
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is preferable to interpose an extremely thin base oxide film 
having the thickness of 1 nm or less, preferably 0.8 nm or 
less, between a high-k dielectric gate oxide film and a 
silicon substrate. The base oxide film needs to be very 
5 thin since the merit of employing the high-k dielectric film 
as a gate insulating film might be lost otherwise. Such an 
extremely thin base oxide film is required to cover the 
surface of the silicon substrate uniformly, without forming 
defects such as interface states. 

10 In Fig. 1, a sketchy diagram of a high speed 

semiconductor device 10 is presented. 

Referring to Fig. 1, the semiconductor device 10 is 
formed on a silicon substrate 11. A high-k dielectric gate 
insulating film 13 such as Ta205, AI2O3, Zr02, Hf02, ZrSi04 or 

15 HfSi04 is placed on a thin base oxide film 12 overlaying the 
silicon substrate 11. A gate electrode 14 is formed on the 
high-k dielectric gate insulating film 13 . 

In order to make the high-k dielectric film 13 
function as it is supposed to on the base oxide film 12 in 

2 0 the semiconductor device 10, a heat treatment is needed as 
well as an oxygen deficiency compensation so that the high-k 
dielectric film in a deposited state is crystallized. 
Problem arises with such heat treatment on the high-k 
dielectric film 13 due to the increase in the film thickness 

25 of the base oxide film 12. 

One of the reasons for the increase in the film 
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thickness of the base oxide film following the heat 
treatment is thought to be due to the formation of a 
silicate layer resulting from a mutual diffusion between the 
silicon contained in the base oxide film 12 and a metal in 
5 the high-k dielectric film 13. Such an increase in the film 
thickness of the base oxide film 12 poses a very serious 
problem especially when the film thickness of the base oxide 
film 12 needs to be reduced to a level equivalent to several 
atomic layers or less, a preferred range of thickness for a 

10 base oxide film. 

To suppress the increase in the thickness of the base 
oxide film, therefore, it has been proposed to nitride the 
surface of the base oxide layer to form an oxynitride film. 
Fig. 2 presents a sketchy structure of a semiconductor 

15 device 20 wherein the base oxide film surface is nitrided. 

In the drawing, the components identical to those in the 
semiconductor device 10 of Fig. 1 are indicated with the 
same reference numerals and explanations thereof will not be 
repeated. 

20 In Fig. 2, on the surface of the base oxide film layer 

12, nitrogen N is doped while maintaining the flatness of 
the interface between the silicon substrate 11 and the base 
oxide film 12 to form an oxynitride film 12A. This 
oxynitride film 12A can stop the formation of the silicate 

25 layer, and thereby prevent the increase in the thickness of 
the base oxide film 12 . 
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However, the productivity can be adversely affected in 
this case due to the fact that the nitriding process has to 
be newly added to form the oxynitride film 12A. In addition, 
it is very difficult to control the nitrogen concentration 
5 in the thickness direction of the base oxide film layer 12. 
Furthermore, if the nitrogen concentration is enriched near 
the interface between the base oxide film 12 and the silicon 
substrate 11, formation of interface states may develop and 
problems such as carrier capturing and formation of leakage 
10 current path may arise. 

Summary of the Invention 

It is, therefore, a primary object of the present 
15 invention to provide a novel and useful substrate processing 
technique of a semiconductor device devoid of the 
aforementioned problems. 

Specifically, it is an object of the present invention 
to provide the substrate processing technique wherein an 
20 extremely thin oxynitride film, typically of a thickness 
equivalent to 1 ~ 3 atomic layers, is produced in a one step 
process on a silicon substrate surface. 

It is another object of the present invention to 
provide the substrate processing technique wherein the 
25 nitrogen concentration can be appropriately controlled in 
the thickness direction in an extremely thin oxynitride film. 
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typically of a thickness equivalent to 1 - 3 atomic layers, 
on a silicon substrate surface. 

In accordance with a first aspect of the present 
invention, there is provided a method for forming an 
5 insulating film on a substrate. This method includes the 
steps of forming nitrogen radicals and oxygen radicals 
through a high frequency plasma and supplying the nitrogen 
radicals and the oxygen radicals to a surface of a substrate 
to be processed to form an insulating film thereon. 
10 More specifically, the method for forming an 

insulating film on a substrate includes the steps of: 

(a) forming a gas mixture by mixing a nitrogen gas or 
a nitrogen compound gas with an oxygen gas or an oxygen 
compound gas; 

15 (b) exciting the gas mixture using a high frequency 

plasma to produce nitrogen radicals and oxygen radicals; 

(c) supplying the nitrogen radicals and the oxygen 
radicals to a surface of a silicon containing substrate to 
be processed; and 
20 (d) creating an insulating film containing nitrogen on 

the surface of the substrate to be processed with the 
nitrogen radicals and the oxygen radicals. 

The substrate to be processed may be, e.g., a silicon 
substrate and the insulating film containing nitrogen may be, 
25 e.g., an oxynitride film. 

The gas mixture forming step includes the process in 
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which the mixture ratio between the oxygen gas or the oxygen 
compound gas and the nitrogen gas or the nitrogen compound 
gas varies with time. 

The nitrogen radicals and the oxygen radicals are 
5 carried by a stream of gas along the surface of the 
substrate to be processed to be supplied thereto. 

It is preferable that the stream of gas flows from one 
side of the substrate to another side facing diametrically 
against said one side. 
10 The high frequency plasma is produced by exciting the 

nitrogen gas and the oxygen gas at a frequency of 400 kHz - 
50 0 kHz. 

In accordance with a second aspect of the present 
invention, there is provided a method for manufacturing a 
15 semiconductor device. The method for manufacturing the 
semiconductor device includes the steps of forming nitrogen 
radicals and oxygen radicals using a high frequency plasma, 
supplying the nitrogen radicals and the oxygen radicals to a 
surface of a semiconductor substrate for its surface 
20 processing and forming an active device on the surface- 
processed semiconductor substrate. 

More specifically, the method for manufacturing the 
semiconductor device includes the steps of : 

(a) forming a gas mixture by mixing a nitrogen gas or 
25 a nitrogen compound gas with an oxygen gas or an oxygen 
compound gas; 
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(b) exciting the gas mixture using a high frequency 
plasma to produce nitrogen radicals and oxygen radicals; 

(c) supplying the nitrogen radicals and the oxygen 
radicals to a surface of a silicon containing substrate to 

5 be processed; 

(d) creating an insulating film containing nitrogen on 
the surface of the substrate with the nitrogen radicals and 
the oxygen radicals; and 

(e) forming the semiconductor device on the substrate 
10 which has the insulating film. 

In accordance with a third aspect of the present 
invention, there is provided an apparatus for processing a 
substrate in accordance with the aforementioned substrate 
processing technique. The apparatus for processing the 

15 substrate includes a radical forming unit for producing 
nitrogen radicals and oxygen radicals using a high frequency 
plasma and a processing vessel for holding a substrate to be 
processed, wherein the radical forming unit houses a supply 
port for feeding the nitrogen and oxygen radicals generated 

20 therefrom into the processing vessel. The nitrogen radicals 
and the oxygen radicals are supplied to the surface of the 
substrate held in the processing vessel to form the 
insulating film thereon. 

The apparatus for processing the substrate further 

25 includes a gas inlet port for feeding a gas mixture into the 
radical forming unit, wherein the gas inlet port controls 
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the gas mixture to have a desired mixture ratio between a 
first source material gas containing nitrogen and a second 
source material gas containing oxygen. The ratio between 
the nitrogen radicals and the oxygen radicals, formed in the. 
5 radical forming unit to be fed into the processing vessel, 
can be manipulated through an adjustment of the mixture 
ratio between the first source material gas and the second 
source material gas. 

The radical forming unit, placed at a side of the 

10 processing vessel, generates a stream of gas flowing along 
the surface of the substrate, wherein the nitrogen radicals 
and the- oxygen radicals are supplied onto the surface of the 
substrate by being carried along the surface of the 
substrate by the stream of gas. 

15 The processing vessel has a gas exhaust port for 

exhausting nitrogen radicals and oxygen radicals. The gas 
exhaust port is facing the supply port in the radical 
forming unit. By such placing, a stream of gas flows from 
the radical forming unit to an opposite side along the 

2 0 surface of the substrate. 

The radical forming unit further includes frequency 
application means for exciting the gas mixture with a 
frequency of 400 kHz - 500 kHz. 

In accordance with the method for forming the 

2 5 insulating film, the method for manufacturing the 
semiconductor device and the apparatus for processing the 
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substrate based on the aforementioned substrate processing 
technique, the nitrogen radicals and the oxygen radicals 
excited through the high frequency plasma can form an 
extremely thin oxynitride film in a one step process. 
5 Accordingly, the productivity is improved through a 
reduction in the number of steps required over the prior art 
technique wherein the nitriding of the oxide film is 
additionally needed to form the oxynitride film. 

Further, the amount of the oxygen radicals added to 

10 the nitrogen radicals can be controlled during the formation 
of the oxynitride film. Accordingly, the nitrogen 

concentration can be controlled in the thickness direction 
of the oxynitride film at a desired profile - 

Furthermore, since the dielectric constant of an 

15 oxynitride film is greater than that of the silicon oxide 
film previously used in the art, the thickness of the part 
corresponding to the thermal oxide film can be reduced. 

Brief Description of the Drawings 

20 

The above and other objects and features of the 
present invention will become apparent from the following 
description of preferred embodiments given in conjunction 
with the accompanying drawings, in which: 
25 Fig, 1 exemplifies a structure of a semiconductor 

device including a high-k dielectric gate insulating film 



-10- 



and a base oxide film; 

Fig. 2 shows a structure of a semiconductor device 
having an oxynitride film disposed between a high-k 
dielectric gate insulating film and a base oxide film; 
5 Fig. 3 illustrates a structure of an apparatus for 

processing a substrate in accordance with the embodiment of 
the present invention; 

Fig. 4 depicts a structure of a remote plasma source 
for use in the apparatus of Fig. 3; 
10 Fig. 5 accords a comparison of the properties between 

a microwave plasma and a RF remote plasma produced by the 
remote plasma source of Fig. 4; 

Fig. 6 describes a comparison of the discharging 
properties between RF remote plasma and a microwave plasma; 
15 Fig. 7 sets forth a comparison of the properties 

between a microwave excited plasma and a high frequency wave 
plasma; 

Fig. 8 exhibits a flow of radicals for forming the 
oxynitride film using the apparatus of Fig. 3, a side view 
2 0 thereof being shown in 8A and a top view shown in SB; 

Figs. 9A and 9B represent modifications to the 
apparatus for processing the substrate of Figs. 8A and 8B, 
respectively; 

Fig. 10 demonstrates a structure of a gas supply 
25 system for use in the apparatus for processing a substrate; 

Fig. 11 offers a first exemplary control mechanism of 
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the mixture ratio between nitrogen and oxygen in accordance 

with the embodiment of the present inventions- 
Fig. 12 presents a second exemplary control mechanism 

of the mixture ratio between nitrogen and oxygen; 
5 Fig. 13 provides a third exemplary control mechanism 

of the mixture ratio between nitrogen and oxygens- 
Fig. 14 discloses a fourth exemplary control mechanism 

of the mixture ratio between nitrogen and oxygen; and 

Fig. 15 outlines a fifth exemplary control mechanism 
10 of the mixture ratio between nitrogen and oxygen. 

Detailed Description of the Preferred Embodiments 

The preferred embodiment of the present invention will 
15 now be explained with reference to the drawings . 

Fig. 3 shows a sketchy diagram of an apparatus 100 for 
processing a substrate in accordance with the preferred 
embodiment of the present invention. Through the use of 
such apparatus 100, an oxynitride film is formed on the 
20 silicon wafer 11 as shown in Fig. 2. 

The apparatus 100 for processing the substrate 
includes a processing vessel 21, a remote plasma source 2 6 
for producing nitrogen radicals and oxygen radicals using a 
high frequency plasma and a gas supply unit 3 0 for feeding a 
25 raw gas into the remote plasma source 26. 

The processing vessel 21 accommodates a substrate 
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supporting table 22 with a heater 22A attached thereto. The 
substrate supporting table 22 moves between a wafer loading/ 
unloading position and a process position in a vertical way. 
A drive mechanism 22C rotates the substrate supporting table 
5 22. The inner wall of the processing vessel 21 is coated 
with a liner 21G made of quartz glass to suppress the 
metallic contamination that may otherwise occur so that the 
level of contamination of the substrate W to be processed is 
kept at a level of 1 X 10^° atoms/cm^ or below. 

10 A magnetic seal 28 is disposed at an adjoining part of 

the substrate supporting table 22 and the drive mechanism 
22C. The magnetic seal 28 separates a magnetic sealing room 
22B maintained at a vacuum state from the drive mechanism 
22C operating in an atmospheric environment. Since the 

15 magnetic seal 28 is in a liquid state, the substrate 
supporting table 22 can rotate freely. 

In Fig. 3, the substrate supporting table 22 is placed 
at the process position while a loading/unloading room 21C 
for loading/unloading the substrate W to be processed is 

20 left beneath it. The processing vessel 21 is connected to a 
substrate transferring unit 27 via a gate valve 27A. When 
the substrate supporting table 22 is lowered to a 
loading/unloading position of the loading/unloading room 21C, 
the substrate W is transferred to the substrate supporting 

25 table 22 from the substrate transferring unit 27 through the 
gate valve 2 7A. Likewise, the processed substrate W is 
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transferred from the substrate supporting table 22 to the 
substrate transferring unit 27. 

In the apparatus 100 of Fig. 3, a gas exhaust port 21A 
is formed near the gate valve 27A of the processing vessel 
5 21, A turbo molecular pump 23B is connected to the gas 
exhaust port 21A via a valve 23A. A pump 24, comprised of a 
dry pump and a mechanical booster pump, is connected to the 
turbo molecular pump 23B via a valve 2 3C. By driving the 
turbo molecular pump 23B and the dry pump, the pressure 

10 inside the processing space 21B can be lowered to 1.33 X 10" 
^ 1.33 X 10'^ Pa (10"^ - 10"^ Torr) . 

In addition, the gas exhaust port 21A is directly 
connected to the pump 24 via the valve 24A and an APC 24B. 
By opening the valve 24A, the processing space is 

15 depressurized to 1.33 Pa - 13.3 kPa (0.01 - 100 Torr). 

A remote plasma source 26 is placed at an opposite 
side of the gas exhaust port 21A in the processing vessel 21, 
The gas supply unit 30 for feeding nitrogen and oxygen is 
connected to the remote plasma source 26. In the gas supply 

20 unit 30, a very small amount of oxygen is added to the 
nitrogen being fed into so that a gas mixture of certain 
ratio can be produced. The oxygen concentration may be in 
the range of about 10 ppm - 600 ppm. The method for 
controlling the mixture ratio will be shown later when 

25 describing Figs. 9 to 13 . The produced nitrogen/ oxygen gas 
mixture is fed into the remote plasma source 2 6 along with 
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an inert gas such as argon (Ar) . By activating the 
nitrogen/oxygen gas mixture into a plasma, the nitrogen 
radicals and the oxygen radicals of certain mixture ratio 
can be produced. In other words, by adjusting the mixture 
5 ratio between nitrogen and oxygen fed into the remote plasma 
source 26, the ratio between the nitrogen radicals and the 
oxygen radicals produced at the remote plasma source 2 6 can 
be manipulated. Accordingly, the oxynitride film having a 
desired nitrogen concentration can be formed on the 

10 substrate W. 

A purge line 21c for nitrogen-purging the loading/ 
unloading room 21C, a purge line 22b for nitrogen-purging 
the magnetic sealing room 22B and an exhaust line 22c 
thereof are provided in the apparatus 10 0 of Fig. 3. To be 

15 more specific, the exhaust line 22c is connected to a turbo 
molecular pump 2 9B via a valve 2 9A and the turbo molecular 
pump 2 9B is connected to the pump 24 via another valve 2 9D. 
There is also a direct connection between the exhaust line 
22c and the pump 24 via the valve 29D, so that the pressure 

20 inside the magnetic sealing room 22B can be controlled 
freely. 

The loading/unloading room 21C is exhausted by the pump 
24 through the valve 2 9C. Or it can be exhausted by the 
turbo molecular pump 23B through the valve 23D. To prevent 
2 5 the contamination of the processing space 2 IB, the loading/ 
unloading room 21C is kept at a lower pressure than the 
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processing space 21B. The magnetic sealing room 22B is kept 
at a lower pressure than the loading/unloading room 21C by a 
differential pumping . 

In Fig. 4, the structure of the remote plasma source 
5 2 6 for use in the apparatus 100 of Fig. 3 is shown. The 
remote plasma source 2 6 typically includes a block 26A made 
of aluminum and a ferrite core 26B built on the part of the 
block 26A. A gas circulation passage 26a, a gas inlet 26b 
and a gas outlet 26c are provided inside the block 26A in 
10 communication therewith. 

Fluorine resin coating is done on the inner surface of 
the gas circulation passage 26a, the gas inlet 26b and the 
gas outlet 26c. By applying a high frequency wave of 400 
kHz -- 50 0 kHz to the coil wound around the ferrite core 26B, 
15 a plasma 26C is formed inside the gas circulation passage 
26a . 

Upon the excitation of the plasma 26C, nitrogen 
radicals, oxygen radicals, nitrogen ions and oxygen ions are 
formed inside the gas circulation passage 2 6a. The nitrogen 

2 0 ions and the oxygen ions disappear as they circulate through 
the gas circulation passage 26a while the gas outlet 26c 
releases mostly the nitrogen radicals N2* and the oxygen 
radicals O2* - Further, a grounded ion filter 26e is 
provided at the gas outlet 26c, as shown in Fig. 4. By such 

25 structure, charged particles such as the nitrogen ions can 
be removed and the nitrogen radicals and the oxygen radicals 
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can be exclusively provided to the processing space 21B, 
Even when the ion filter 26e is not grounded, the ion filter 
26e may function as a diffusion plate to substantially 
remove the charged particles such as the nitrogen ions. 
5 Fig. 5 shows a relationship between the number of ions 

produced by the remote plasma source 26 of Fig. 4 and the 
electron energy in comparison with that when microwave 
plasma source is employed. When a microwave is used to 
generate a plasma, ionization of nitrogen molecules and 

10 oxygen molecules is accelerated, thereby forming a plenty of 
nitrogen ions and oxygen ions. On the other hand, when a 
high frequency wave of 500kHz or less is used, formation of 
nitrogen ions and oxygen ions is greatly reduced. When 
executing a plasma excitation with a microwave, a high 

15 vacuum level (low pressure) of 1.33 X 10"^ 1.33 X 10"* Pa 
(10"^ ~ 10'^ Torr) is required as shown in Fig. 6; whereas a 
relatively high pressure of 1.33 Pa - 13.3 kPa (0.01 - 100 
Torr) suffices in case of a high frequency plasma excitation. 
Fig. 7 presents differences in the energy efficiency 

2 0 for ionization, the range of discharge enabling pressure, 
the plasma power consumption and the process gas flow rate 
between a microwave and a high frequency wave when they are 
used to generate a plasma. The energy efficiency for 
ionization is about 1 X 10"^ in case of microwave excitation 

25 while that number is reduced to about 1 X 10'^ in case of RF 
excitation. The discharge enabling pressure is about 1 
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mTorr - 0.1 Torr (133 mPa - 13.3 Pa) in case of microwave 
excitation while it is about 0.1 - 100 Torr (13.3 Pa - 13.3 
kPa) when excited with RF. Further, it is shown that plasma 
power consumption is greater in case of RF excitation than 
5 microwave excitation. The process gas flow rate is much 
larger in case of the RF excitation than the microwave 
excitation . 

In the apparatus 100 for processing the substrate as 
shown in Fig. 3, an oxynitride film is produced by the 

10 nitrogen radicals and the oxygen radicals. The nitrogen 
ions and the oxygen ions do not contribute to the formation 
of an oxynitride film. Accordingly, it is preferable that 
the amount of the nitrogen ions and the oxygen ions be kept 
small. Further, in order to minimize damages that might be 

15 incurred on the substrate to be processed, the number of the 
nitrogen ions and the oxygen ions is preferred to be small . 
In addition, since the number of the nitrogen radicals and 
the oxygen radicals excited being small, the apparatus 100 
for processing the substrate of Fig. 3 is ideal in forming 

2 0 an extremely thin oxynitride film under a high-k dielectric 
insulating film. 

Fig. 8 presents a flow of radicals when forming the 
oxynitride film in the apparatus 100 for processing the 
substrate of Fig. 3, a side view thereof being shown in 8A 

2 5 and a top view shown in SB. In the drawing, the components 
identical to those previously explained are indicated with 



-18- 



the same reference numerals and explanations thereof will 
not be repeated. 

The oxynitride film is formed on the substrate W as 
follows- First, argon (Ar) gas is fed into the remote 
5 plasma radical source 26 along with the nitrogen gas and the 
oxygen gas that are transferred from the gas supply unit 30, 
the mixture ratio between the nitrogen gas and the oxygen 
gas being adjusted to a desired level. Through a high 
frequency plasma excitation with a high frequency wave of 

10 several hundreds of kHz, the nitrogen radicals and the 
oxygen radicals in a desired mixture ratio are formed. The 
nitrogen radicals and the oxygen radicals so produced flow 
along the surface of the substrate W before being discharged 
through the gas exhaust port 21A and the pump 24. 

15 Consequently, the processing space 2 IB is set at 6.65 Pa - 
1.33 kPa (0.05 - 10 Torr) , an appropriate pressure for 
oxynitriding the substrate W. When the nitrogen radicals 
and the oxygen radicals flow along the surface of the 
substrate W, an extremely thin oxynitride film, typically of 

20 a thickness equivalent to 1 - 3 atomic layers, is formed on 
the surface of the rotating substrate W. 

In forming the oxynitride film as shown in Figs. 8A 
and 8B, it is possible to conduct a purge process prior to 
the formation of an oxynitride film as described below. 

25 When purging, valves 23A, 23C are opened and the valve 24A 
is closed to depressurize the processing space 21B to 1.33 X 
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10"^ - 1.33 X lO"'* Pa. In the subsequent oxynitride film 
forming process, the valves 23A, 23C are closed. The turbo 
molecular pump 23B is not included in the exhaustion line of 
the processing space 2 IB. 
5 Through the af oriementioned purge process, it is 

possible to purge the oxygen and moisture remaining in the 
processing space 2 IB. 

As shown in top view of Fig. 8 (B) , a turbo molecular 
pump 23B is disposed to protrude from a side of the 
10 processing vessel 21 away from the substrate transferring 
unit 27. 

Figs. 9A and 9B provide a modification 40 to the 
apparatus for processing the substrate of Fig. 8A and Fig. 
SB, a side view thereof being shown in Fig. 9A and a top 

15 view shown in Fig. 9B. In the modification 4 0 of the 
apparatus for processing the substrate, the turbo molecular 
pump 23B is placed in a different way. In the drawing, the 
components identical to those previously explained are 
indicated with the same reference numerals and explanations 

2 0 thereof will not be repeated. 

As shown in Fig. 9A and Fig. 9B, a turbo molecular 
pump 23B is disposed at an opposite side of the substrate 
transferring unit 2 7 and is outside of the processing vessel 
21. Further, the gas exhaust port 21E working with the 

25 turbo molecular pump 23B is formed at an opposite side of 
the substrate transferring unit 27. 
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The turbo molecular pump 23B is connected to the 
bottom of the processing vessel 21 vertically via the valve 
23A such that an intaking port is placed up and an 
exhausting port is placed down. The gas exhaust port of the 
5 turbo molecular pump 23B is connected to a downstream side 
of the valve 24A in the exhaust line which starts from the 
gas exhaust port 21A of the processing vessel 21, goes 
through the valve 24A and ends at the pump 24 . 

As the turbo molecular pump 23B of the apparatus 4 0 

10 for processing the substrate is placed below the processing 
vessel 21, the occupying space of the apparatus for 
processing the substrate can be reduced in comparison with 
the structure of the apparatus 100 for processing the 
substrate shown in Figs. 8A and 8B. 

15 The process of forming the oxynitride film on the 

substrate W with a modification 40 shown in Figs. 9A and 9B 
will now be described. 

First, argon (Ar) gas is fed into the remote plasma 
radical source 2 6 along with the nitrogen gas and the oxygen 

20 gas that are transferred from the gas supply unit 30, the 
mixture ratio thereof being adjusted to a desired level. 
Through a high frequency plasma excitation with a high 
frequency wave of several hundreds of kHz, nitrogen radicals 
and oxygen radicals of a certain mixture ratio are formed. 

25 Such nitrogen radicals and oxygen radicals flow along the 
surface of the substrate W before being discharged through 
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the gas exhaust port 21A and the pump 24. And the 
processing space 21B is set at 6.65 Pa - 1.33 kPa (0.05 - 
lOTorr) , an appropriate pressure for oxynitriding the 
substrate W. When the nitrogen radicals and the oxygen 
5 radicals flow along the surface of the substrate W, . an 
extremely thin oxynitride film, typically of a thickness 
equivalent to 1 - 3 atomic layers, is formed on the surface 
of the rotating substrate W. 

In forming the oxynitride film as shown in Figs. 9A 

10 and 9B, it is possible to conduct the purge process as 
described above prior to the formation of the oxynitride 
film. In other words, the valve 23A and 23C are opened and 
the valve 24A is closed to depressurize the processing space 
21B to 1.33 X 10"^ - 1.33 X 10'^ Pa. In the subsequent 

15 oxynitride film forming process, the valve 23A and 23C are 
closed- The turbo molecular pump 23B is not included in the 
exhaustion line of the processing space 2 IB. By employing 
such purge process, it is possible to purge the oxygen and 
moisture remaining in the processing space 2 IB. 

20 In Fig. 10, the structure of the gas supply system 30 

for feeding the nitrogen gas and the oxygen gas to the 
remote plasma source 26 is shown. The gas supply system 30 
includes a nitrogen introducing line 31 having a nitrogen 
introducing valve 31A; an oxygen introducing line 32 having 

2 5 an oxygen introducing valve 32A; and a gas mixture supply 
line 33 having a mixing tank 3 OA and a gas mixture supply 
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valve 33A. By opening the nitrogen introducing valve 31A, 
nitrogen is introduced into the mixing tank BOA from the 
nitrogen introducing line 31. For the oxygen mixing in the 
mixing tank 3 OA, a very small amount of oxygen is introduced 
5 into the mixing tank from the oxygen introducing line 32 by 
opening the oxygen introducing valve 32A for a short period 
of time. The concentration of oxygen is controlled by 
adjusting the opening interval of the oxygen introducing 
valve 32A. The nitrogen and oxygen mixed in the mixing tank 
10 3 OA are fed into the remote plasma source 2 6 from the gas 
mixture supply line 33 by opening the gas mixture supply 
valve 33A. 

By adjusting the relative concentration of oxygen to 
nitrogen in the gas mixture fed into the remote plasma 

15 source 26, the ratio between the nitrogen radicals and the 
oxygen radicals produced can be controlled. Accordingly, an 
extremely thin oxynitride film can be formed in the 
processing vessel 21 at a desired nitrogen concentration, 
typically of a thickness equivalent to 1 ~ 3 atomic layers. 

2 0 As shown above, the oxynitride film can be produced in 

a one step continuous process, thereby entailing a reduction 
in the number of processing steps for producing the 
oxynitride film when compared with the case in which the 
surface is nitrided and the oxynitride film is formed after 

25 the oxide film is formed. Accordingly, the productivity can 
be improved . 



-23- 



Next, an explanation on how to control the nitrogen 
concentration in the oxynitride film will be given in detail 
Fig. 11 presents a first exemplary timing chart 
showing opening/closing timing of the nitrogen introducing 
5 valve 31A and the oxygen introducing valve 32A wherein x- 
axis represents time. The nitrogen introducing valve 31A is 
in an open state while the gas mixture of nitrogen and 
oxygen is supplied. The oxygen introducing valve 32A is 
open for a short period of time before it is closed and, 

10 after a while, it is open again for a short period of time 
and closed, repeating the same pattern of switching 
movements to achieve a desired oxygen concentration. If the 
length of time for which the oxygen introducing valve 32A is 
open is put as tl and the interval between the openings of 

15 the oxygen introducing valve 32A is put as SI, the 
concentration of oxygen mixed with nitrogen can be adjusted 
by controlling tl and SI. Accordingly, the ratio between 
the nitrogen radicals and the oxygen radicals produced from 
the remote plasma source 2 6 is controlled such that the 

20 nitrogen concentration in the oxynitride film formed on the 
substrate W can be adjusted to a desired value. 

In this case, as the oxidation reaction is faster than 
the nitriding reaction, the nitrogen concentration in the 
oxynitride film can be controlled at about 10 - 40% when the 

25 oxygen concentration added to nitrogen is about 10 ppm - 600 
ppm. 
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The process conditions for forming the oxynitride film 
having about e.g., 10 - 40% nitrogen concentration may be as 
follows: the pressure in the processing vessel 21 of 6.65 Pa 
~ 1.33 kPa (0.05 ~ 10 Torr) ; Ar gas flow rate of 0.7 - 2 
5 slm; the nitrogen flow rate of 0.05 - 0.9 slm; the oxygen 
flow rate of 0 - 0.1 slm; the oxygen concentration of 10 - 
3 00 ppm in the gas mixture of nitrogen and oxygen; and the 
temperature of 400 - 700 °C at the substrate W. 

Fig. 12 shows a second exemplary control of the 

10 mixture ratio between nitrogen and oxygen. Fig. 12 also 
shows the state with respect to time of the nitrogen 
introducing valve 31A and the oxygen introducing valve 32A 
wherein x-axis represents progress of time. 

When compared with the first example depicted in Fig. 

15 11, SI value (the interval between the openings of the 
oxygen introducing valve 32A) remains the same; however, t2 , 
the length of time for which the oxygen introducing valve 
32A is open, is shorter than tl of the first example. 
Accordingly, the amount of the oxygen mixed is reduced and 

2 0 the amount of the oxygen radicals formed from the remote 
plasma source 2 6 decreases and the oxidation reaction is 
suppressed during the formation of the oxynitride film on 
the substrate W. In other words, in the process of forming 
the oxynitride film, the nitriding reaction is further 

25 progressed than the first example so that the nitrogen 
concentration in the produced oxynitride film is enhanced. 
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Next, Fig. 13 shows a third exemplary control of the 
mixture ratio between nitrogen and oxygen showing the timing 
of the nitrogen introducing valve 31A and the oxygen 
introducing valve 32A wherein x-axis represents time. In 
5 comparing with the first example shown in Fig. 11, the 
length of time for which the oxygen introducing valve 32A is 
open in the third example shown in Fig. 13 is identical to 
that in the first example, i.e., tl; however, 32, the 
interval between the openings of the oxygen introducing 

10 valve 32A is set to be longer than SI of the first example. 
Accordingly, the amount of the oxygen mixed is reduced. As 
a result, the amount of the oxygen radicals formed from the 
remote plasma source 26 decreases and the oxidation reaction 
is suppressed during the formation of the oxynitride film on 

15 the substrate W. In other words, the nitriding reaction is 
further carried out than the first example so that the 
nitrogen concentration in the oxynitride film can be 
enhanced . 

Next, Fig. 14 shows a fourth exemplary control of the 
2 0 mixture ratio between nitrogen and oxygen showing the timing 
of the nitrogen introducing valve 31A and the oxygen 
introducing valve 32A wherein x-axis represents time. The 
fourth example shown in Fig. 14 is a combination of the 
first example in Fig. 11 and the second example in Fig. 12. 
25 During the continuous period A, which represents the 

first half of the oxynitriding process right after the start 



-26- 



of the feeding, the length of time for which the oxygen 
valve is open and the interval between the openings of the 
oxygen valve are, respectively, set to be tl and SI as in 
the first example. During period B, the second half of the 
5 oxynitriding process, the interval between the openings of 
the oxygen valve is maintained at SI while the length of 
time for which the oxygen valve is open is adjusted from tl 
to t2 (tl > t2) . By shortening the length of time for which 
the oxygen introducing valve 32A is open, the amount of the 

10 oxygen mixed is reduced- Accordingly, the nit riding 
reaction is furthered during the second half in comparison 
with the first half period of the oxynitride film forming 
process, thereby enabling a structure wherein the nitrogen 
concentration is increased in the thickness direction of the 

15 oxynitride film. 

In the actual semiconductor device, when the device 
characteristics are taken into account, the nitrogen 
concentration may be preferably lower near the silicon (Si), 
substrate, i.e., during the first half of the oxynitriding 

20 process, to form a smooth interface between the silicon 
substrate and the oxynitride film. On the other hand, it 
may be preferable to keep the nitrogen concentration higher 
near the high-k dielectric film, i.e., during the second 
half of the oxynitriding process, to prevent mutual 

25 diffusion between the metal in the dielectric film and the 
silicon. In accordance with the embodiment of the present 
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invention, therefore, it is possible to form an oxynitride 
film with varying nitrogen concentration gradient along the 
direction of the thickness of the oxynitride film, 
satisfying the aforementioned requirements of the device 
5 characteristics . 

Next, Fig, 15 shows a fifth exemplary control of the 
mixture ratio between nitrogen and oxygen showing the timing 
of the nitrogen introducing valve 31A and the oxygen 
introducing valve 32A wherein x-axis represents time. The 

10 fifth example shown in Fig. 15 is a combination of the first 
example in Fig. 11 and the third example in Fig. 13. 

During period A, which represents the first half of 
the oxynitriding process right after the start of the 
feeding, the length of time for which the oxygen valve is 

15 open and the interval between the openings of the oxygen 
valve are, respectively, set to be tl and SI as in the first 
example. During period B, the second half of the 

oxynitriding process, the length of time for which the 
oxygen valve is open is maintained at tl while the interval 

2 0 between the openings of the oxygen valve is adjusted from SI 
to S2 (SI < S2) . Accordingly, the amount of oxygen mixed is 
reduced and nitriding reaction in the oxynitride film 
formation is furthered in the second half, thereby entailing 
a structure wherein the nitrogen concentration increases in 

25 the thickness direction of the oxynitride film. 

As shown in the above, it becomes possible to prepare 
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an extremely thin base oxide film and oxynitride film in a 
one step process while controlling the nitrogen 
concentration properly by adjusting t and/or wherein t is 
the length , of time of the opening of the oxygen introducing 
5 valve 32A and S is an interval between onsets of supplying 
oxygen (an interval between the openings of the oxygen 
introducing valve 32A) , 

Further, the way of applying the oxygen radicals to 
the nitrogen radicals is not limited to the method of adding 

10 the oxygen gas to the nitrogen gas. Any combination of 
gases containing nitrogen and oxygen may be used. For 
instance, adding NO gas to the nitrogen gas or adding the 
oxygen gas to NO gas may be possible. 

The present invention enables the formation of an 

15 extremely thin oxynitride film having a thickness equivalent 
to 1 - 3 atomic layers in a one step process on a silicon 
containing substrate . 

Further, the present invention enables the control of 
the nitrogen concentration as desired in the thickness 

20 direction of the oxynitride film. 

While the invention has been shown and described with 
respect to the preferred embodiments, it will be understood 
by those skilled in the art that various changes and 
modification may be made without departing from the spirit 

25 and scope of the invention as defined in the following 
claims . 
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